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Introduction
Pollution caused by industrial wastewaters has become a threatening problem for many countries. The search for efficient wastewater treatment technologies has been intensified due to a growing public concern about health and related environmental issues of trace levels of pollutants [1] [2] [3] . Phenolic compounds are a group of the major and most undesirable pollutants present in wastewaters discharged by pharmaceutical, pesticides, oil, textiles, painting, dyes, plastic and detergent industries [4] [5] [6] [7] . Aromatic compounds are highly toxic, highly oxygen demanding and those having a quinonic structure have very high toxicities [8] .
Due to the low biodegradability of phenolic compounds, a conventional biological treatment process is not very effective. Wastewaters laden with aromatic compounds are usually treated by physical or chemical processes such as adsorption [9] , membrane filtration [10] , ozonation [10] , Fenton oxidation [2, 10] and so on. However, these methods produce secondary waste and involve capital costs [1] .
In recent years, the electrochemical method for wastewater treatment has attracted a great deal of attention, especially regarding the electrochemical oxidation [11, 12] . This process was applied successfully to the total destruction of different persistent organic pollutants. It has been determined that the nature of the anode material is the main factor that affects the process [13, 14] . In fact, with the use of boron doped diamond (BDD) anode, many refractory organic compounds can be completely mineralized with high efficiency by hydroxyl radicals electrogenerated from water discharge without addition of any reagent [12, 15] . Although electrochemical oxidation can be an attractive process for wastewater treatment, the low faradic efficiency is still a critical problem because of mass-transfer limitations in the case of the treatment of dilute solutions [16] . Consequently, a direct electrochemical process may not be adequate for the treatment of dilute solutions. Therefore, organic pollutants in industrial wastewater should be concentrated to obtain a large quantity of organic pollutants before carrying out electrochemical degradation. Hence, new trends in research attempt to combine treatment methods to overcome these limitations. Coupling of electrochemical method with a pre-concentration step such as chemical coagulation [17] , nanofiltration [18, 19] and reverse osmosis [20] was reported as an effective treatment to meet the discharge standards. In this context, there has been an increasing interest in the coupling of electrochemistry with adsorption which is an efficient method to retain in a small bulk of adsorbent a pollutant initially diluted in a large volume of solution. Due to its high surface area, the activated carbon is well known to be very efficient for the treatment of dilute solution. However the discharge of activated carbon in the environment causes serious problems. Its regeneration and reuse is necessary to render its use economically viable. Traditionally the loaded activated carbon is regenerated by thermal methods. Nevertheless these processes imply high energy consumption (the temperature must be kept above 1100 K), attrition, loss of the adsorption capacity [21] . Chemical regeneration can be performed by desorption using extraction with solvents or by degradation of adsorbed species. Such processes are not eco-friendly and their efficiencies of regeneration depends on the types of organics to be removed. As example, the regeneration of activated carbon loaded with phenol is less than 70% using NaOH [22] . Thanks to the outstanding properties of anode materials the electrochemical oxidation offers new options for the treatment of adsorbant. Electrochemical regeneration of activated carbon has been investigated [23] [24] [25] [26] [27] . In their detailed investigation, Narbaitz and Cen [23] achieved electrochemical regeneration efficiencies up to 95% for granular activated carbon (GAC) loaded with phenol using platinum mesh as electrodes. The GAC was confined close to the cathode and NaCl was used as electrolyte. Desorption of phenol takes place due to the increase of the OH À concentration near the cathode and destruction of phenol was performed by the electrogenerated active chlorine [23, 24] . In contrast, it was underlined that long periods of several hours to many days are needed for adsorption and desorption of organics what is in accordance with a process rate limited by intra-particle diffusion [24] . Thus, research in the development of alternative adsorbents has been carried out. For example, Qu et al. [25] have shown that the adsorbed phenolic pollutants onto a hyper-cross-linked resin can be efficiently released in a NaOH solution with a significantly reduced volume of electrolyte, thus greatly increasing the concentration of the pollutants. The desorbed compounds were afterwards degraded by electrochemical oxidation. For the regeneration, two successive steps are needed: a release step in contact with NaOH solution and then the electrochemical oxidation of released phenol is performed. Another approach consists in the in situ regeneration of the adsorbent by electrochemical oxidation at the anode. The regeneration involves desorption and destruction of the adsorbed organic matter restoring the adsorptive capacity [26] .
Over the last few years, Brown et al. [28, 29] have worked on an alternative approach to adsorption and electrochemical regeneration based on a novel, non-porous, highly-conducting carbonbased adsorbent material (called Nyex). Using a cathode in stainless steel and an anode in mixed metal oxide-coated titanium, it was shown that this adsorbent can be rapidly and fully electrochemically regenerated with low energy consumption. In most cases, the electrochemical regeneration of adsorbent was studied in the presence of sodium chloride. Indeed, adsorbent regeneration and destruction of organic pollutant are more efficient with NaCl than with other electrolytes such as Na 2 SO 4 or Na 2 CO 3 [30, 31] . However, using NaCl the main drawback is the formation of hazardous organochloride by-products during the electrolysis, for this reason, only sodium sulphate was used in this study. In a preliminary work, the adsorption capacity of methylene blue has been compared for this highly conductive carbon-based adsorbent, sawdust and activated carbon. As a result, the adsorption capacity of Nyex was 75 and 1000 times less than sawdust and activated carbon respectively [32] . Consequently only sawdust and activated carbon were selected for this study.
In this context, our previous study has demonstrated the feasibility of the use of adsorbant more ''eco-friendly" with a low specific area, like sawdust which is a by-product of furniture industry without commercial value. In this case, the release of the pollutant and its removal was performed in situ by electrochemical oxidation in the presence of Na 2 SO 4 [33] .
The aim of this paper is to propose a new hybrid process which combines adsorption of phenol on sawdust and electrochemical oxidation using a BDD anode. Towards that end, activated carbon, a well-known adsorbent with a high specific surface and sawdust, a less expensive material characterized by a lower adsorption capacity have been compared. As a first step, a complete study (kinetics and thermodynamics) of phenol adsorption onto both adsorbents was carried out. Second, the kinetics of phenol desorption previously adsorbed onto activated carbon and sawdust has been determined. Then, batch electrolysis experiments were conducted on phenol saturated adsorbents. For that purpose, a high concentration of phenol solution was used to reach the saturation of adsorbent in short time. The effect of electrolysis on phenol desorption was evidenced by comparing the variation of phenol concentration during an electrolysis in the presence and in the absence of the adsorbent. A modeling taking account the rate of desorption and the disappearance of phenol due to its oxidation is proposed.
Materials and methods

Materials
Chemicals
Phenol (99.5% purity) was purchased from Merck. The phenol solutions at the desired concentration were prepared with ultrapure water. Na 2 SO 4 was used as the supporting electrolyte at 0.1 mol/L (Fluka, 99.5% purity). NaOH and H 2 SO 4 solutions were prepared by dissolving analytical grade reagents (Fluka and Scharlau, 99% and 96% purities, respectively) in ultra-pure water.
Adsorbents
Two adsorbents (sawdust and commercial activated carbon) were loaded with phenol.
The softwood sawdust, a low cost material with BET surface equal to 0.4 m 2 /g, was obtained from a furniture factory in Sfax, Tunisia. The commercial activated carbon was supplied by Merck (reference 2514). The BET surface area of this adsorbent determined by Ayral [34] was 980 m 2 /g.
Both adsorbents were washed with distilled water several times then dried in a hot air oven at 100°C. The dried adsorbents were sieved and the final size of the particles retained were in the range of 0.5-1.12 mm and in the average of 0.4 mm for sawdust and activated carbon, respectively.
Experimental methods
Adsorption experiments
The adsorption isotherms studies were performed by batch adsorption technique at 30°C. For equilibrium adsorption experiments, known quantities of adsorbents (1 g and 5 g of sawdust and activated carbon, respectively) were added to 100 mL (in the case of sawdust) and 250 mL (in the case of activated carbon) of phenol solutions at different initial concentrations. The agitation time was 1 and 168 h for sawdust and activated carbon, respectively to reach equilibrium before analysis.
The adsorptive capacity, q, defined as the mass of adsorbate per gram of adsorbent (mg/g), was calculated from the initial (C 0 ) and final (C f ) concentrations of phenol according to Eq. (1):
where V is the volume of solution used and m is the mass of adsorbent.
To reduce the number of adsorption steps and make sure that the adsorbent has achieved saturation prior to electro-oxidation experiment, a (30 cm Â 1.5 cm) glass column, packed with a known mass of adsorbent sandwiched between two layers of glass wool was used. Phenol solution with the initial concentration of 2000 mg/L was pumped into the column at a constant flow rate till saturation of the adsorbent.
Desorption experiments
Desorption experiments were conducted to quantify the longterm non-electrochemical passive desorption of phenol. For simple desorption studies, the loaded adsorbent after drying at room temperature was contacted with 0.1 mol/L Na 2 SO 4 solution of desired pH (6 and 13 in the case of sawdust and activated carbon, respectively). The solution was stirred at a temperature of 30°C until the release process reached equilibrium.
The desorption rate was calculated as the ratio between the mass of phenol desorbed in the solution and the mass of phenol initially adsorbed. In the case of phenol desorption from activated carbon, experiments were carried out to study the influence of the solution pH on the desorption rate (not shown). The main result indicates that the amount of phenol desorbed at pH = 13 was more than 200 times than the one obtained at neutral or acid pH. Consequently, in the case of loaded activated carbon, the desorption step was performed at pH = 13. However, in the case of sawdust, this alkaline pH cannot be applied, since it favored the dissolution of the sawdust (alkaline attack of lignin) [35, 36] . Therefore, a Na 2 SO 4 aqueous solution of neutral pH was used.
Electrochemical regeneration
The loaded adsorbent was removed from the column of adsorption and stirred with Na 2 SO 4 solution in a thermoregulated batch reactor. Once the desorption process had reached equilibrium, a constant current was applied in the same reactor at 30°C using a Meteix d.c. power supply. The mixture was stirred constantly during the electrochemical degradation of adsorbed and released phenol. A boron doped diamond (BDD) electrode with a geometric area of 7 cm 2 was used as the anode. The counter electrode was a cylindrical mesh of platinum (67.5 cm 2 ). Samples were taken in the solution regularly and analyzed.
The regeneration efficiency of the adsorbent, R e , by electrolysis on BDD anode was defined as the ratio between the capacity of adsorption of the adsorbent after the electroregeneration, q r (mg of phenol/g of adsorbent) and the initial capacity of adsorption q i :
Analytical techniques
Concentrations of phenol and its oxidation intermediates were followed by high performance liquid chromatography (HPLC) of samples taken at regular intervals. A mixed column (ion exclusion and selective adsorption) PRP-X 300 (Hamilton) was used to separate aromatics and aliphatic carboxylic acids in a single injection. The eluent was a mixture of 0.05 mol/L sulphuric acid and acetonitrile. The proportions of the two components varied with time [12, 37] . All compounds were detected at a wavelength of 220 nm.
Results and discussion
Phenol adsorption kinetics
Measurements of the adsorption kinetics of phenol were performed in a batch cell, without initial pH adjustment of the solution. The initial phenol concentrations, C 0 , were 2000 and 100 mg/L in the case of activated carbon and sawdust respectively with adsorbent masses of 20 g/L. In these conditions, the maximal adsorption capacities were obtained at equilibrium state. Fig. 1 shows the adsorption kinetics of phenol on activated carbon and sawdust.
In both cases, the adsorption kinetics were particularly fast at the beginning of the process and became slower to reach equilibrium. After 20 min, the amount of adsorbed phenol for sawdust is stabilized; q e represents a characteristic value of the equilibrium state between sawdust and phenol while Ce is the phenol concentration in the solution for this equilibrium state. In the case of A.C. (Fig. 1a) , 120 min ise necessary to adsorb the main part of phenol from the solution, after that the adsorption dynamics are very slow. The average time taken to reach equilibrium is estimated to three days (216 times greater than that obtained with sawdust). The comparison of these t dynamics shows that the rate of adsorption is much slower for the activated carbon. This difference is explained by the transfer phenomena involved in the adsorbent [38, 39] : in the case of activated carbon having a relatively high specific surface area (980 m 2 /g) and a large porous structure, internal transport of phenol in the pores of activated carbon reduces the pollutant scavenging rate on the adsorption sites. In contrast, in the case of sawdust which has a low specific surface (0.4 m therefore a very limited porous structure, the solution of phenol can easily move and therefore has the fastest kinetics.
Model of the adsorption kinetics
The data of Fig. 1 allow obtaining the kinetic model. The adsorption rate of the phenol on both adsorbents appears as a function of time following a second-order kinetics, Eq. (3) [40] .
where k 2 (g/mg.min), q e and q t (mg/g) are the kinetic constant, quantities of phenol adsorbed at equilibrium and at time t respectively. Integration of Eq. (3) leads to Eq. (4) : Table 1 gives the kinetic parameters calculated from the linearization of the variation of t/q t versus t such as: the values of the adsorbed quantity (q e ), the pseudo-second order constants (k 2 ) and the correlation coefficients (R 2 ) for the two adsorbents used. Given these results, it is clear that the values of the adsorbed quantities at equilibrium (q e ) are very close to the experimentally obtained values of the order of 98.9 and 0.4 mg/g, respectively for activated carbon and sawdust. Similarly, values of the correlation coefficients (R 2 ) very close to one are in accordance with a kinetics of the pseudo-second order. These results are consistent with that of other studies showing that the adsorption reaction of the phenol on activated carbon and sawdust is best described by the pseudosecond-order equation [39, 41] .
Adsorption isotherms
In order to confirm and complete the study of the adsorption of phenol, adsorption isotherms were determined for phenol in the presence of activated carbon and sawdust at 30°C (Fig. 2) .
At a given temperature and in aqueous solution, the adsorption isotherm describes the thermodynamic equilibrium between adsorbent and adsorbate. It expresses the amount of adsorbate The adsorption isotherm of phenol on activated carbon exhibits a type of shape L showing that there is a strong affinity between the sorbent material and the phenol [42] . Although the micropore volume of activated carbon used is in the range of 0.37 cm 3 /g [32] , the pore size being of the order of those of phenol molecules, so there is no possibility to form additional layers. The isotherm adsorption of phenol on sawdust is slightly different because no stabilization is reached in the concentration range studied. The maximum of phenol adsorption capacity is close to 320 mg/g for the activated carbon and between 12 and 15 mg/g for the sawdust.
Among the main traditional isotherms, Langmuir's model fits very well the experimental data obtained on activated carbon and sawdust.
This Langmuir model assumes the formation of a monolayer of the adsorbate on a homogeneous surface of adsorbent. This model is represented by Eq. (5):
where q m and K L are the maximum amount of adsorption (mg/g) and the Langmuir constant respectively. The Langmuir Eq. (5) can be written also under the following form (Eq. (6)):
The plot of (C e /q e ) as a function of C e (Fig. 2, inset The maximum adsorption capacity (q m ) of the activated carbon, which has the highest specific surface (980 m 2 /g) determined by
Eq. (6), is 18 times greater than the one obtained for sawdust having a relatively low specific surface (0.4 m 2 /g). Surprisingly, it appears that the sawdust is capable to adsorb a higher phenol mass per surface unit (q m /s = 45.5 mg/m 2 against 0.3 mg/m 2 for activated carbon). Fig. 3 shows the kinetics of phenol desorption previously adsorbed onto activated carbon (initial concentration of phenol adsorbed onto A.C. = 3976 mg/L) and onto sawdust (initial concentration of phenol adsorbed onto sawdust = 75 mg/L).
Study of the desorption of the phenol
The kinetics of desorption of the phenol from A.C. at pH = 13 reach a value comparable with the ones observed from sawdust. In the case of phenol/sawdust couple, curve (b) shows that the desorption percentage quickly increases to a value equivalent to 35% after 15 min of contact time and reaches a maximum value of 38%. This value is relatively high while the pH was neutral (the phenol is still in its undissociated form). This result suggests that a part of phenol retained on sawdust is rather weakly adsorbed and hence desorption is easy.
In the case of phenol/A.C. couple, the curve (a) illustrating the variation of the percentage of the desorbed phenol during time, achieved a limit value after five minutes, the amount of the desorbed phenol then represents 50% of the total amount of phenol initially present on the activated carbon. At pH 13, phenol is in its anionic form (pH > pKa (9.95) + 1) and the surface of the activated carbon is negatively charged (pH > pH PZC = 8.9). So, the phenol desorption should then occur by electrostatic repulsion. But, as it has been mentioned, the phenol desorption percentage does not exceed 50%. This could be explained by assuming that phenol retained by the activated carbon comes in two states: strongly adsorbed and weakly adsorbed. The percentage of the latter could therefore correspond to the percentage of the desorbed phenol. The adsorption of strongly adsorbed phenol appears to be irreversible. Indeed, the desorption rate cannot exceed 50%. Moreover, it was observed that neither the adsorbed quantity nor the temperature has an impact on the phenol desorption mechanisms (not shown). Consequently, it evidences that half of the adsorption of phenol on the studied activated carbon is irreversible.
To better assess the observed irreversible effect on the used activated carbon, a four-step desorption was performed on a sample of activated carbon previously saturated by phenol (2 g). In each desorption stage, the volume of solution used is a quarter of that of simple desorption (25 mL). The results of this experiment are given in Fig. 4 .
The latter shows that desorption of the phenol is not complete even by multiplying the desorption steps. The percentage of the desorbed phenol does not exceed 60% of the amount of the phenol initially present on the activated carbon. All these results highlight that a part of the phenol adsorption is rather chemical and irreversible.
Experiment of phenol re-adsorption on a known mass of activated carbon, obtained after multiple desorption, was performed on column. The regeneration efficiency calculated according to Eq. (2), is in the order of 73%. This value is higher than expected (60%). This difference could stem mainly from changes in the properties of activated carbon after contact with NaOH during the desorption steps [43, 44] and/or fragmentation of the activated carbon particles by stirring.
Electrochemical regeneration of the saturated adsorbents
The experimental procedure of the electrochemical phenol degradation in the presence of the adsorbent, involves two main stages: (i) desorption of the phenol until equilibrium and (ii) the electrochemical oxidation of the pollutant on BDD anode. The applied current density is 0.215 A/cm 2 .
Highlighting the effect of electro-oxidation on the adsorbent regeneration
Figs. 5 and 6 represent the variation of phenol concentration in the solution during electrolysis in the presence and absence of activated carbon (Fig. 5 ) and the sawdust (Fig. 6) . The inset panel of Fig. 5 represents the variation of the concentration of p-benzoquinone formed during the electrolysis in the presence of activated carbon.
In the presence of activated carbon, after 240 min, 99.99% of initial phenol present in the solution has completely disappeared. In the case of the sawdust (Fig. 6) , the complete disappearance of the phenol was reached after 90 min. Note that under initial conditions relative to Figs. 5 and 6, the total amount of phenol in the presence of activated carbon is 26 times greater than that in the presence of sawdust. It is commonly accepted that the oxidation of phenol essentially leads to the formation of hydroquinone, benzoquinone and aliphatic acids as intermediates compounds [6, 37] .
The removal efficiency of phenol in aqueous solution using BDD anode is well-known, it is possible to mineralize it under optimal operating conditions [12] . In this study, some intermediaries were identified qualitatively and/or quantitatively by HPLC. Benzoquinone is more toxic than phenol itself [13, 37] , therefore the aqueous solution is considered to be detoxified only after complete disappearance of benzoquinone. As shown in Fig. 5 (see inset  panel) , the total oxidation of p-benzoquinone on BDD anode in the presence of adsorbent is reached almost simultaneously with phenol. In the case of sawdust, the same intermediates were measured during the electrolysis of phenol but the concentration of the undesired intermediate (p-benzoquinone) was negligeable (below the detection threshold).
The role of electrolysis during the phenol desorption is evidenced by comparison of phenol concentration in the solution in the presence and absence of each adsorbent. These curves show that the rate of disappearance of phenol in homogeneous solution (without adsorbent) is greater than that in the presence of the adsorbent (activated carbon or sawdust), essentially at the beginning of electrolysis. This difference can be explained by the fact that a part of the initially adsorbed phenol was desorbed during electrolysis. This phenomenon was highlighted by Zhang et al. [22] and Wang et al. [26] , who performed the regeneration step of the loaded adsorbent in the electrolyte. Both observed the increase of phenol concentration or the chemical oxygen demand in the solution at the beginning of the electrolysis. This increase resulted from the desorption of the organic matter in the electrolyte; thus under electrolysis the desorption rate from adsorbent was faster than the oxidation rate.
The regeneration step can be optimized by increasing the rate of desorption using higher current intensity [22, 26] or higher temperature [45] .
Model
This part aims to model the degradation of phenol on BDD electrode in the presence of sawdust based on the results of the curves comparison of Fig. 6 . The saturated sawdust with phenol is immersed in 200 mL of 0.1 mol/L Na 2 SO 4 until achieving desorption equilibrium. The initial phenol concentration, C°, in the solution is reached. Then, an electrolysis of the solution is performed in the presence of the sawdust (full symbols). A second electrolysis is carried out in the same experimental device with a solution containing phenol at the initial concentration C o in the absence of sawdust (empty symbols). The variation of the phenol concentration during electrolysis in the presence of sawdust is a function of the rate of phenol desorption from the sawdust, R des , and the rate of disappearance of the phenol in the solution due to its oxidation at the anode, R el (Eq. (7)):
The rate of the phenol disappearance in solution is expressed in mol/m The galvanostatic electrolysis is performed at a current greater than the limiting current density, i lim . So, the current density used for the oxidation of phenol equals to the limiting current density (the process is then controlled by the diffusion of the phenol to the electrode): i = i lim = nFkC; where k is the mass transfer constant. In this case, the oxidation rate is given by Eq. (9):
Thus the variation of the phenol concentration in the solution during electrolysis depends only on the geometry of the cell (S, V) and the hydrodynamic conditions (k) (Eq. (10)):
The experimental values (empty symbols) shown in Fig. 6 can then be smoothed using Eq. (11): The results are presented in Supplementary Material SM1.
The electrolysis is triggered when desorption equilibrium is reached, so it is difficult to apply a conventional desorption model. To propose an empirical modeling, the rate of desorption of the phenol is simply represented by an exponential relationship whose rate constant k des (s À1 ) will be determined by comparison with the experimental points, Eq. (12):
The instantaneous variation of the phenol concentration during the electrolysis of the electrolyte containing sawdust, represented by the full symbols in Fig. 6 , can be expressed by Eq. (14):
And therefore, the variation of the concentration follows an exponential given by Eq. (14) and illustrated by the full line in Fig. 6 :
The modeling given by Eq. (14) fits well with the experimental values for a kinetic constant value equal to k des = 0.0516 min À1 or 0.00086 s À1 . This model evidences the possibility to improve the rate of phenol removal while adapting the operating conditions: increasing the rate of desorption (higher current intensity, higher temperature), increasing the rate of phenol disappearance (improving the hydrodynamics and the ratio S/V).
Influence of the operating conditions on the adsorbents regeneration
Cycles of adsorption/desorption/electrochemical regeneration of sawdust or activated carbon were performed. Each step of adsorption consists in saturating the adsorbents with phenol before each desorption/electrochemical regeneration.
The effectiveness of activated carbon regeneration after the first cycle is only 59.5%, only a small part of activated carbon has been regenerated by electrochemistry, due to the elimination of weakly adsorbed phenol remained after simple desorption. It is reasonable to assume that the remaining chemisorbed phenol is not affected by the electrochemical regeneration.
The lowest value of the effectiveness of re-adsorption of phenol on activated carbon obtained after electrolysis compared to that observed in the case of multiple desorption (73%) could be attributed to a possible electro-polymerization of the phenol at the boundary of the activated carbon grains [46] . This should result in the partial closing of some external pores of the activated carbon (this phenomenon is shown by cyclic voltammetry (see Supplementary Material). This phenomenon could be amplified during successive cycles.
Whereas, for the phenol/sawdust system, results show that the efficiency of the sawdust regeneration is more than 100% after four cycles: 107%, 120%, 135%, 115% after 1, 2, 3 and 4 cycles, respectively. This slight increase of the adsorption capacity of sawdust by electrochemical treatment leads to two conclusions: (1) sawdust is more easily regenerated because of its surface properties unlike activated carbon, and (2) electrochemical treatment seems to activate sawdust by changing its physicochemical properties (surface modification functionality and/or modification of the porous texture) [47, 48] .
Given the encouraging results with the sawdust, the effect of the electrolysis duration was investigated on the regeneration efficiency of the sawdust for the first cycle adsorption/desorption of phenol ( Table 2) .
Examination of this table shows that the regeneration efficiencies obtained were higher than 100% regardless of the electrolysis time applied (from 1 to 4 h). In the same operating conditions, a duration of 2 h is required to completely remove phenol and aromatic intermediates, while only 1 h is sufficient to obtain a regeneration efficiency of 106%. This value implies that after 1 h of electrolysis, the total amount of adsorbed phenol was desorbed in the solution; another explanation is a possible modification of the surface properties of sawdust by the electrochemical treatment.
Conclusion
The coupling of adsorption/desorption/electro-oxidation was investigated in view to eliminate phenol from dilute aqueous media. The kinetic study of phenol adsorption on A.C. and sawdust led to the values of Langmuir parameters, this model fitting well with experimental data. The maximum adsorption capacity of the activated carbon is 18 times greater than the one obtained with sawdust. This difference can be easily explained by the very high specific surface of activated carbon (2500 times higher). The regeneration of A.C. by single desorption is negligible at natural pH while it reaches 50% at pH = 13. In this context, the chemical regeneration of AC is partial and produces waste loaded with phenate. In the case of sawdust a single contact of adsorbent at neutral pH allows to reach 35% of desorption highlighting a weak adsorption. The regeneration of these adsorbents assisted by electrolysis using a conductive diamond anode leads to a higher desorption rate and a complete removal of the pollution. The role of electrolysis on the phenol desorption rate is evidenced by a numerical model. However the A.C. performance is rapidly weaken in reason of electropolymerisation of phenol leading to the obstruction of its pores during the electrolysis. By contrast, there was an increase in the adsorption capacity of the sawdust for two successive cycles of a dsorption/desorption/regeneration by electrochemical treatment. In this context, the regeneration efficiency of sawdust is more than 100% even after the fourth cycle. Further studies are needed to understand the mechanism of sawdust activation during the polarization. This study has demonstrated that coupling adsorption to electrochemical degradation offers a promising approach for the efficient elimination of persistent organic pollutants in dilute wastewater and for the reuse of the adsorbent. By contrast, the regeneration of AC by thermal methods implies high energy consumption, attrition and loss of adsorption capacity. The next step is to design a pilot using a column for the adsorption step with a recirculating loop for the adsorbent regeneration and pollutant removal.
